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Abstract 

Experiments were performed at the LLNL Titan laser to measure the propagation 

direction of the energetic electrons that were generated during the interaction of the 

polarized laser beam with a solid target. The target consisted of a central irradiated wire, 

two wires positioned above and below the irradiated wire in the vertical direction of the 

polarization of the incident laser beam, and two wires positioned on the sides of the 

irradiated wire in the horizontal direction, perpendicular to the polarization direction. The 

irradiated wire, the vertical wires, and the horizontal wires were of three different 

materials, for example Ho, Gd, and Dy. The K-shell spectral lines from the three 

materials were recorded by a transmission crystal spectrometer on each laser shot. The 

relative intensities of the Kα lines from the vertical and horizontal wires were measures 

of the fluence of energetic electrons driven in the polarization direction and in the 
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perpendicular direction, respectively. The gap between the irradiated wire and the vertical 

and horizontal wires was varied on sequential laser shots, and the intensities of the Kα 

lines were a measure of the angular distribution of the energetic electrons propagating 

from the irradiated wire. It was found that the fluence of energetic electrons was larger in 

the vertical direction of the polarization as compared to the perpendicular (horizontal) 

direction. This implies energetic electrons are preferentially driven in the direction of the 

intense oscillating electric field of the incident laser beam in agreement with the 

multiphoton inverse Bremsstrahlung absorption process. 

 

Keywords:  Multiphoton inverse Bremsstrahlung absorption, laser-plasma interaction, 

relativistic electron propagation. 
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I.  Introduction 

Soon after the invention of the laser it was realized that with increasing laser 

intensity, atoms would be quickly ionized and the resulting free electrons would be 

accelerated to relativistic energies during a single cycle of the oscillating electric field of 

the laser beam [1]. From a classical physics point of view, the quiver energy of the 

oscillating electron is converted to directional energy during a collision with a nucleus [2]. 

From a quantum mechanical viewpoint, as illustrated schematically in Fig. 1 the electron 

absorbs multiple laser photons during the collision with a nucleus, the inverse of 

Bremsstrahlung emission, and the process was named multiphoton inverse 

Bremsstrahlung absorption (MIBA) [3]. The rate of energy increase is the product εqνeff 

where εq=e2E2/2mω2 is the quiver energy, νeff is the effective collision frequency with the 

nucleus, E is the strength of the electric field having oscillation frequency ω, e is the 

electron charge, and m is the relativistic electron mass [4]. In the classical limit of small ћ, 

the reduced Planck constant, the quantum and classical expressions for the collision 

frequency agree except for a numerical factor of order unity [3]. 

A signature of the MIBA process is that the highest probability for multiphoton 

absorption occurs when the electron propagates perpendicular to the laser beam and in 

the polarization direction of the electric field after the collision with the nucleus [3]. 

While other laser-plasma interaction processes, such as the ponderomotive force and in 

the case of oblique incidence the resonance absorption and other processes, may act to 

accelerate electrons in the laser propagation direction and to expel electrons from the 

focused laser volume in all directions [5], in the case of normal incidence no process 
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other than MIBA selectively accelerates electrons in the polarization direction of the 

electric field. 

The selective acceleration of electrons in the polarization direction during the 

interaction of a normal-incidence laser beam with a solid target was first observed in a 

qualitative sense during experiments at the LULI laser facility [6]. A plane-polarized, 

femtosecond laser beam having 1020 W/cm2 intensity and 27 MV/μm electric field 

strength was focused onto a metal wire (gadolinium or tungsten) that was embedded in 

the surface of an aluminum target, and MeV electrons were generated in the focal spot 

and propagated into the irradiated wire along the direction of the laser beam and also 

laterally to an embedded spectator wire of a different material (dysprosium or hafnium). 

The energetic electrons created 1s vacancies in both the irradiated and spectator wires, 

and the resulting time integrated K-shell spectra from the two different wire materials 

were recorded by a transmission crystal spectrometer. The ratio of the K-shell emissions 

from the irradiated and spectator wires is a measure of the relative numbers of energetic 

electrons propagating in the forward direction of the laser beam and perpendicular to the 

laser beam. It was observed that more numerous energetic electrons were driven 

perpendicular to the laser beam than along the laser beam. In addition, it was observed 

that more numerous energetic electrons were driven in the polarization direction of the 

incident laser beam than in the perpendicular direction. 

The present paper describes experiments utilizing laser-irradiated targets that are 

optimized for the quantitative study of the angular distribution of the energetic electrons 

propagating in the polarization direction and perpendicular to the polarization direction of 

the incident laser beam. The experiments were performed at the Titan laser facility at 
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Lawrence Livermore National Laboratory. The Titan beam was incident normal to the 

face of the target shown in Fig. 2, and the electric field of the laser beam was plane-

polarized in the vertical direction. The target was composed of a central irradiated wire 

that was positioned in a hole that was perpendicular to the face of a 3 mm aluminum cube. 

Arrayed about the central wire were four spectator wires that were pressed into grooves 

in the surface of the cube, two vertical wires of one material and two horizontal wires of a 

different material. The spectator wire diameters and groove widths were 0.5 mm, the 

groove depth was 0.5 mm, and the axes of the spectator wires were 0.25 mm below the 

plane of the cube surface. The central irradiated wire also had 0.5 mm diameter, and the 

tip of the central wire was 0.25 mm below the plane of the cube surface and on the axes 

of the spectator wires. The tip of the irradiated wire and the ends of the spectator wires 

facing the irradiated wire were polished flat, and the separation gap between the ends of 

the spectator wires and the surface of the irradiated wire was varied on a sequence of 

laser shots. The laser beam was incident normal to the flat tip of the central wire (and to 

the face of the target shown in Fig. 2), and the focal spot was positioned at the center of 

the wire as enabled by orthogonal viewing cameras. Thus energetic electrons that were 

generated in the focal spot propagated into the irradiated wire and laterally across the 

open gap to the four spectator wires. 

The central irradiated wire, the vertical wires, and the horizontal wires were of 

three different metals, for example Hf, Gd, and Dy as illustrated in Fig.2. The energetic 

electrons accelerated from the focal spot propagated into the three wire materials and 

generated 1s vacancies and K-shell spectra that were recorded by a transmission crystal 

spectrometer. The ratios of the Kα spectral lines from the three materials are measures of 
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the relative numbers of energetic electrons propagating into the irradiated, vertical, and 

horizontal wires. In particular, the ratio of the K lines from the vertical and horizontal 

wires is a measure of the relative numbers of electrons propagating in the laser beam’s 

polarization direction (vertical) and perpendicular to the polarization direction 

(horizontal). 

The target is designed to mitigate laser shot-to-shot variations and other 

experimental uncertainties. For example, the emissions from the two vertical wires are 

summed as are the emissions from the two horizontal wires, and this mitigates small mis-

positioning of the focal spot on the central wire:  if the focal spot is off center toward a 

particular wire, then the emission from that wire would be stronger, the emission from the 

opposite wire of the same material would be weaker, and the sum of the emissions from 

the two wires would vary slowly with the off-center distance. In addition, the spectator 

wire materials are Gd and Dy which have similar atomic numbers (64 and 66) and 

material properties, and the small differences in material properties such as energetic 

electron stopping power and Kα radiation generation tend to cancel out when taking the 

ratio of the emissions from the Gd and Dy wires. 

II. Experimental Results 

The experimental setup and the related study of the ranges of energetic electrons 

propagating from an irradiated wire through various materials to spectator wires are 

described in [7]. The Titan pulse typically had 100 J energy, 1 ps duration, 10 μm 

diameter focal spot, and 1020 W/cm2 focused intensity. Two spectrometers were fielded, 

one having high spectral resolution [8] and another having lower resolution of the type 

described in [9]. Owing to the low sensitivity of the high-resolution spectrometer, only 
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the spectra from the lower-resolution spectrometer are presented here. This spectrometer 

had the ability to resolve the K-shell spectral features from the irradiated and spectator 

wire materials. 

The spectrometer had a cylindrically bent quartz (101) crystal in the Cauchois 

optical configuration, and the spectral lines from an extended target were focused on the 

Rowland circle (RC) having 254 mm diameter [9]. On each laser shot, the time integrated 

spectra were recorded on two image plates, one on the RC where the spectral resolution is 

determined by the image plate spatial resolution and another 200 mm behind the RC 

where the resolution is enhance by larger dispersion and is limited by the source size 

[9,10]. Example spectra recorded by the front and rear image plates are shown in Fig. 3. 

The front spectrum has lower spectral resolution and higher signal level, and the rear 

spectrum has higher resolution (the Kα1 and Kα2 lines are well resolved) and lower signal 

level. 

The primary experimental results are the ratios of the emissions from the vertical 

and horizontal spectator wires and the central irradiated wire, and how these ratios are 

related to the numbers of energetic electrons propagating into the vertical and horizontal 

wires from the focal spot on the irradiated wire. The spectator wires were Gd and Dy and 

the central irradiated wire was Ag, Ho, or Hf. Since Gd and Dy have similar atomic 

numbers and have similar material properties, for a given electron energy the 

probabilities of 1s vacancy creation and Kα photon generation in these two materials are 

practically equal, and the ratio of the emissions from the Gd and Dy spectator wires is 

independent of the experimental conditions such as the laser pulse energy and the 

position of the focal spot on the central wire. The irradiated wire materials were chosen to 
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represent a range of atomic numbers, from 47 (Ag) to 72 (Hf), for the purpose of studying 

the dependence of the energetic electrons generated in the focal spot on the atomic 

number of the irradiated material. 

As shown in Fig. 3, two Gaussian curves representing the Kα1 and Kα2 lines were 

fitted to the Kα spectral feature of each of the three elements (one irradiated element and 

two spectator elements) by the least squares technique. For each Kα feature, the Kα1 and 

Kα2 components were assumed to have the theoretical relative intensities and energy 

separation. Because the instrumental broadening is practically the same for the closely-

spaced line pair, the two Gaussian components were assumed to have the same line width. 

A linear background was fitted to each line pair, and the areas above the background and 

under the two Gaussian curves were calculated. Thus the number of variables for fitting 

the two Gaussians to each line pair was five:  intensity, energy, line width, and two 

variables for the background. 

For each element, the areas under the two Gaussian curves were added, and the 

ratios of the three summed areas were compared in both the front and rear spectra. It was 

found that the corresponding ratios in the front and rear spectra agreed to within 10%. For 

example, the ratios of the summed Kα1 and Kα2 lines of Hf, Dy, and Gd in the spectrum 

of Fig. 3 is 1:0.22:0.20 in the rear image plate spectrum and 1:0.21:0.21 in the front 

image plate spectrum. 

In order to investigate possible effects that depend on the rotation of the target, 

such as orienting the vertical wires to be parallel to the polarization of the laser beam and 

orientating the target face to be perpendicular to the laser beam, spectra were recorded 

with the orientation of the vertical and horizontal wires rotated by 90o as shown in Fig. 4. 
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That is, spectra were recorded with the Gd wires vertical and the Dy wires horizontal, and 

other spectra were recorded with the target rotated by 90o so that the Dy wires were 

vertical and the Gd wires were horizontal. It was found that the emission from the vertical 

wires was systematically stronger than the emission from the horizontal wires. For 

example, shown in Fig. 5 are spectra recorded on two laser shots with (a) the Gd wires 

vertical and the Dy wires horizontal and (b) the Dy wires vertical and the Gd wires 

horizontal. For both shots, the central irradiated wire is Ho and the gap between the 

central and spectator wires is zero (the four spectator wires are in physical contact with 

the central wire). The emission from the irradiated Ho wire is practically the same on the 

two laser shots, and the emission from the vertical wires is stronger in both target 

rotational orientations. 

In order to relate the Kα emission to the energetic electron fluence from the focal 

spot, a model for the 1s vacancy and Kα emission is necessary. The model should 

account for the material-dependent cross section for 1s vacancy creation and the 

fluorescence yield for Kα emission. Since the ratios of the Kα emissions are the primary 

observables of the experiment, the model does not need to account for the material-

independent factors such as the laser pulse parameters that tend to cancel out in the ratios. 

While a Monte Carlo code could produce detailed simulations of the experimental data, 

the basic physics of the experiment are best understood using an analytical model. Such 

analytical models have proved successful in interpreting previous experimental data on 

the propagation of energetic electrons from irradiated materials into spectator materials at 

the Titan [7] and LULI [6,11,12] laser facilities. 
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For a given electron energy, the probability for the creation of a 1s vacancy and 

the emission of a Kα photon per unit path length is proportional to the product σρf/A 

where σ is the cross section for 1s vacancy creation, ρ is the material density, f is the 

fluorescence yield, and A is the atomic number. Multiplying by the electron range in the 

material and the photon escape probability gives the number of photons generated by the 

energetic electron, and multiplying by the spectrometer throughput gives the detected 

intensity of Kα photons. The expression for the relative number of detected Kα photons 

generated per energetic electron propagating in a spectator or irradiated wire material is 

σρfRTε/A where R is the electron range, T is the photon escape factor, and ε is the 

spectrometer throughput. The electron range is calculated using the NIST ESTAR 

continuous slowing down model [13], and the transmittance of the Kα photons is 

calculated using the NIST attenuation database [14]. The spectrometer throughput uses 

the measured integrated reflectivity of the quartz (101) crystal [15]. 

Previous experiments indicated that the energies of the electrons propagating 

from the focal spot into surrounding materials were in the range 0.4 MeV to 1 MeV 

[6,11,12]. For the present experiment, we use the typical value 0.7 MeV to calculate the 

electron range. Changes in the assumed electron energy have a small effect on the ratios 

of the photons emitted from the various wire materials. We assume the photons pass 

through 0.25 mm of material which is equal to the spectator wire radius and is 

approximately equal to half the electron range in the irradiated wire materials. Once again, 

different attenuation depths have a small effect on the detected photon ratios. In particular, 

the produce RT varies slowly with the assumed electron energy, even over the rather 

wide range of irradiated wire materials from Ag to Hf, because the range R into the 
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material increases with energy and the escape factor T decreases with depth into the 

material. 

When the propagating electron energy is much greater than the ionization 

potential of the 1s electron in the spectator or irradiated wire material, as is the case here, 

the cross section σ for 1s vacancy creation is practically independent of the electron 

energy and is proportional to (Ry/P)2 where Ry is the Rydberg constant (13.6 eV) and P 

is the 1s ionization potential [16]. Substituting values into the expression σρfRTε/A and 

normalizing to the result for Dy, the relative numbers of detected Kα photons per 

energetic electron propagating in Ag, Gd, Dy, Ho, and Hf are 1.14:1.29:1:0.79:0.41. 

These factors are used to scale the relative Kα signal levels, as measured by areas of the 

two Gaussians fitted to each Kα feature, and to determine the relative numbers of 

energetic electrons propagating in the spectator and irradiated wire materials. 

Shown in Fig. 6 for each laser shot is the ratio of the electrons propagating in (a) 

the horizontal spectator wires and the irradiated wire, (b) the vertical spectator wires and 

the irradiated wire, and (c) the vertical and horizontal spectator wires. The ratios are 

plotted as functions of the distance from the center of the irradiated wire to the surface of 

the spectator wire facing the irradiated wire, which is equal to the separation gap (0, 0.4 

mm, or 0.8 mm) plus the 0.25 mm radius of the irradiated wire. For all shots, the 

spectator wires were Gd and Dy with either the Gd wire vertical or rotated by 90o with 

the Dy wire vertical. The irradiated wires were Ag (diamond data symbols), Ho (triangle 

data symbols), or Hf (square data symbols). In Fig. 6(a) and (b), the spectator to 

irradiated ratios are on a log-log plot, and a straight line is fitted to the data points using 

the least squares technique. The slopes of the straight lines on the log-log plots indicate 
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that the horizontal wire to irradiated wire electron number ratio shown in Fig. 6(a) 

decreases with distance to the power –1.58 with one-sigma uncertainty ± 0.04. The 

vertical to irradiated electron number ratio shown in Fig. 6(b) decreases with power -1.16 

± 0.06. Thus the vertical to irradiated ratio decreases significantly more slowly with 

distance compared to the horizontal to irradiated ratio. This indicates that the cone of 

energetic electrons propagating from the focal spot toward the vertical wires has a 

significantly smaller angle than the cone of electrons propagating toward the horizontal 

wires, and this implies that energetic electrons are selectively driven in the (vertical) 

polarization direction of the incident laser beam than in the perpendicular direction. 

Shown in Fig. 6(c) are the ratios of the electrons propagating in the vertical and 

horizontal wires as functions of distance from the focal spot, and a straight line was fitted 

to the data points. The vertical to horizontal ratio doubles over a distance of 0.85 mm, 

and once again this implies that energetic electrons are selectively driven in the (vertical) 

polarization direction than in the perpendicular direction 

III. Discussion 

Based on prior experiments on the propagation of energetic electrons from the 

focal spot of an intense laser pulse, targets were designed for the quantitative study of 

energetic electrons driven in the polarization direction of the incident laser beam. The 

target design, experimental technique, and data analysis were chosen to mitigate laser 

shot-to-shot variations and other experimental uncertainties. The primary observables are 

the ratios of the Kα emissions from the three wire materials: the central irradiated wire, 

the two vertical wires in the polarization direction, and the two horizontal wires in the 

perpendicular direction. The emissions from the two vertical wires are summed as are the 
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emissions from the two horizontal wires, and this mitigates small mis-positioning of the 

focal spot on the central wire. In addition, when using the analytical model to calculate 

the ratios of the Kα emission generated by energetic electrons propagating through the 

three wire materials, the material properties tend to be similar and to cancel when taking 

the ratios. For example, the energetic electron ranges depend primarily on the electron 

density in the metallic wires which are well known, and the ratio of the ranges changes 

slowly with the assumed electron energy. Finally, the target was rotated by 90o on 

different laser shots so that the vertical and horizontal wire materials were interchanged, 

and the results were the same:  the emission from the vertical wires was systematically 

stronger than from the horizontal wires. Moreover, the ratio of the vertical to horizontal 

emission increases with distance from the focal spot as indicated in Fig. 6(c), and this 

implies that the energetic electrons propagating in the vertical (polarization) direction 

have a smaller cone angle than those propagating in the horizontal direction, 

perpendicular to the polarization. The conclusion is that energetic electrons are 

selectively driven in the polarization direction of the oscillating electric field of the 

normally-incident laser beam, and this is consistent with the multiphoton inverse 

Bremsstrahlung absorption process. 

While the changes in the emission ratios shown in Fig. 6 are readily apparent, the 

scatter in the data points could be reduced by several experimental improvements. For 

example, possible small-angle scattering of the energetic electrons as they propagate from 

the focal spot to the edge of the irradiated wire would tend to smear out the smaller 

propagation cone angle in the polarization direction and the larger cone angle in the 

perpendicular direction, and this effect can be reduced by making the irradiated wire 
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diameter smaller such as 0.25 mm rather than the 0.5 mm diameter used in the present 

experiment. Similarly, the sampling of the cone angle of the energetic electrons 

propagating toward the spectator wires would be improved by using a smaller spectator 

wire diameter such as 0.25 mm rather than 0.5 mm. Finally, having more gap separations 

than the three used here (0, 0.4 mm, and 0.8 mm) would better characterize the ratio 

curves shown in Fig. 6. 
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Figure Captions 

 

Fig. 1.  (Color online) Schematic of the multiphoton inverse Bremsstrahlung absorption 

(MIBA) process where an electron oscillating in the electric field E of an intense laser 

beam absorbs multiple photons during a collision with a nucleus having charge Z and 

propagates in the polarization direction with relativistic energy. 

 

Fig. 2.  (Color online) The target showing the central irradiated wire, vertical wires in the 

direction of the polarization of the incident laser beam, and the horizontal wires in the 

perpendicular direction. 

 

Fig. 3.  Spectra from (a) the rear image plate and (b) the front image plate showing the fit 

of two Gaussian curves to each of the three Kα features from the Hf irradiated wire and 

the Gd and Dy spectator wires. 

 

Fig. 4. (Color online) The two orthogonal orientations of the target with the vertical and 

horizontal wire materials reversed. The polarization of the incident laser beam is 

indicated by the vertical arrows. 

 

Fig. 5. The spectra from two laser shots with (a) the Gd wires vertical and the Dy wires 

horizontal and (b) the Dy wires vertical and the Gd wires horizontal. 
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Fig. 6.  (a) The ratios of the electrons driven into (a) the horizontal and irradiated wires, 

(b) the vertical and irradiated wires, and (c) the vertical and horizontal wires. 
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